The XMM-Newton observation of the nearby FR-II radio galaxy 3C 98 is reported. In two exposures on the target, faint diffuse X-ray emission associated with the radio lobes was significantly detected, together with a bright X-ray active nucleus, of which the 2 -10 keV intrinsic luminosity is (4 -8) × 10 42 erg s −1 . The EPIC spectra of the northern and southern lobes are reproduced by a single power law model modified by the Galactic absorption, with a photon index of 2.2 +0.6 −0.5 and 1.7 +0.7 −0.6 respectively. These indices are consistent with that of the radio synchrotron spectrum, 1.73 ± 0.01. The luminosity of the northern and southern lobes are measured to be 8.3
+3.3
−2.6 ×10 40 erg s −1 and 9.2 +5.7 −4.3 ×10 40 erg s −1 , respectively, in the 0.7 -7 keV range. The diffuse X-ray emission is interpreted as an inverse-Compton emission, produced when the synchrotron-emitting energetic electrons in the lobes scatter off the cosmic microwave background photons. The magnetic field in the lobes is calculated to be about 1.7 µG, which is about 2.5 times lower than the value estimated under the minimum energy condition. The energy density of the electrons is inferred to exceed that in the magnetic fields by a factor of 40 -50.
Introduction
Since the pioneering discoveries with ASCA and ROSAT (e.g. Feigelson et al. 1995; Kaneda et al. 1995; Tashiro et al. 1998) , increasing numbers of diffuse hard X-ray emission have recently been detected from lobes in radio galaxies and quasars (e.g; Brunetti et al. 2001; Hardcastle et al. 2002) . These diffuse X-ray photons are thought to arise via inverse Compton (IC) scattering by electrons in the lobes, which also radiate synchrotron radio emission. In most of these sources, the seed photons of the IC scattering in the lobes are provided by the cosmic microwave background (CMB) radiation (Harris & Grindlay 1979) , or infra-red (IR) photons from the active nucleus (Brunetti et al. 1999) . By comparing the IC X-ray and synchrotron radio intensities, we can independently deduce energy densities of the electrons and magnetic fields in the lobes, u e and u m respectively, on condition that the seed-photon energy density is known. Therefore, these IC X-rays from radio lobes provide a valuable tool to directly measure the energetics in lobes, and infer those in jets, indirectly.
The observed intensities of the IC X-rays from the lobes frequently infer that u e significantly dominate u m (e.g. ). The possibilities of magnetic fields smaller than those estimated under the equipartition condition by some factors are also reported in the knots and hot spots of radio galaxies and quasars (e.g., Hardcastle et al., 2004; Kataoka & Stawaltz, 2005) . However, the sample of the IC X-ray lobes still remains small, due mainly to the limited sensitivity of the X-ray instruments. Obviously, XMM-Newton has a great potential in this research subject owing to its large effective area and its moderately good angular resolution. Actually, a few results have already been reported based on the XMM-Newton data (Grandi et al. 2003; Croston et al. 2004) .
We have conducted an XMM-Newton observation of a lobe-dominant radio galaxy 3C 98, and successfully detected the diffuse X-ray emission associated with its lobes. As reported in the present paper, we find a clear dominance of u e over u m , in the lobes of this object. Throughout the present paper, we assume a Hubble constant of H 0 = 75 km sec
and a deceleration parameter of q 0 = 0.5.
Observation
Located at a redshift of z = 0.0306 (33.7 kpc/1 arcmin; Schmidt, 1965), 3C 98 is a radio galaxy with an elliptical host (Zirbel, 1996) . It has a moderately high integrated radio flux of 10.3 Jy at 1.4 GHz (Laing, & Peacock, 1980) , and shows a synchrotron spectral energy index of α R = 0.78 between 178 and 750 MHz (Laing, Riley, & Longair, 1983) . Its VLA image (e.g., Leahy et al., 1997 ) reveals a classical FR II (Fanaroff, & Riley, 1974) double-lobe morphology, with a relatively flat surface brightness distribution and a total angular extent of ∼ 5 ′ × 2 ′ . It dose not lie in a rich cluster environment, and is hence relatively free from hot thermal X-ray emission. Moreover, a sign of extended X-ray emission on a scale of tens of arcseconds was reported based on an ROSAT observation (Hardcastle & Worral 1999) . All these facts make this object very suitable to our search for the lobe IC X-rays.
Our 30 ksec XMM-Newton exposure on 3C 98 was performed on 2002 September 7 (hereafter, Exp1). The EPIC MOS and PN CCD cameras on-board XMM-Newton were both operated in the nominal full frame mode. Because some normal stars in the field of view are brighter than the optical magnitude of 10, we inevitably adopted the medium and thick optical blocking filters for MOS and PN, respectively. Although these filters significantly reduce the efficiency below 1 keV, they little affect our study on hard-spectrum IC emission. Due to an operational failure, however, only about 60% of the requested exposure was completed with MOS1, and no MOS2 data were taken in the observation. Therefore, another 10 ksec exposure was approved and conducted on 2003 February 5 (Exp2), about 5 month after Exp1. The log of these two exposures are summarized in Table 1 .
We reduced the data using version 5.4.1 of the Science Analysis System (SAS). All of the obtained data were reprocessed, base on the latest Current Calibration Files (CCF), just after the data of Exp2 were delivered to us (2003 April). We selected only those events with PATTERN ≤ 12 (single, double triple and quadruple events) for MOS, and PATTERN ≤ 4 (single and double events.) for PN. In addition, we also imposed the criterion of #XMMEA EM and #XMMEA EP for MOS and PN respectively, in order to filter out artifact events. As is frequently reported, the MOS and the PN backgrounds were both found to be highly variable, and so-called background flares significantly contaminated the data in both exposures. Accordingly, we have selected the data obtained only when the 0.2 -15 keV count rate was lower than 2.5 and 20 counts per sec for MOS and PN respectively, when accumulated within a source free region which is about 96% of the field of view. As a results, the remained good time interval became slightly short as summarized in Table 1 . In addition to the above criteria; we adopt only those events with FLAG == 0, in the analysis below; this strictly rejects events next to the edges of the CCD chips, and next to bad pixels and columns. Figure 1 shows the 0.2-12 keV EPIC image around 3C 98. The image is smoothed with a two dimensional Gaussian function of σ = 5 ′′ , after all the MOS and PN data obtained in both exposures are summed up. The 4.86 GHz VLA image (Bridle; unpublished) is superposed with contours. The bright X-ray source located near the center of the image coincides with the optical host galaxy, and also with the radio nucleus within 1 ′′ .5, which is reasonable for the astrometric accuracy of the EPIC. In addition, we notice faint diffuse X-ray emission associated with the radio lobes, especially the northern one.
Results

X-ray Image
In order to visualize more clearly the diffuse X-ray emission, we subtracted the point spread function (PSF) corresponding to the central point-like source at the host galaxy, based on the CCF data base. For this purpose, we used only the MOS data, because gaps of the PN CCD chips intersect the lobes. The in-orbit calibration of the MOS PSF is shown in detail, by Ghizzardi (2001) , at least for an on-axis point source. The central point source is not so bright that the shape of the PSF is not distorted by significant CCD event pileups. We adequately took into account the energy dependence of the PSF, referring to the spectral information of the source, shown in §3.2. Before the subtraction, the PSF image is normalized to the observed one, by using the event counts within a circle of 15 arcsec radius, around the X-ray peak. Figure 2 shows the MOS image of 3C 98, from which the PSF for the central source is subtracted, in 0.2 -12 keV. This image is heavily smoothed with a Gaussian function of σ = 20
′′ . The diffuse X-ray emission is significantly detected, in the figure, with some X-ray point sources. Moreover, its association with the lobes of 3C 98 is found to be clear, and its overall angular extent almost coincides with that of the radio lobes.
We extracted linear X-ray brightness profiles parallel and orthogonal to the radio axis of 3C 98. in order to evaluate the significance of the diffuse X-ray emission. The integration strip for the parallel profile (P 0 in Figure 1 ) has an width of 2 ′ .5, to contain all the radio structure of 3C 98. The orthogonal profile utilizes a narrower strip, O 0 , of a 1 ′ .25 width, for minimizing contamination from the possible diffuse X-ray emission associated with the lobes. We estimated the X-ray background for the parallel profile from the neighboring regions P b1 and P b2 , and that for the orthogonal profile from O b1 and O b2 . All of these regions are shown in Figure 1 with dotted lines.
The X-ray profiles thus obtained are shown in Figure 3 , together with the radio ones accumulated within the same sky regions. In the parallel profile, an excess over the PSF is clearly found with a significance of 4σ, accumulated between 0 ′ and 3 ′ , and ∼ 2σ between −3 ′ and 0 ′ from the X-ray peak. On the other hand, the X-ray profile perpendicular to the lobes exhibits no significant excess over the PSF ( 1σ, between −3 ′ and 3 ′ ) implying that the central source is point-like, within the MOS angular resolution. Therefore, we confirm that the EPIC image reveals the diffuse X-ray emission associated with the lobes of 3C 98.
X-ray spectra of the host galaxy
We derived EPIC spectra within a circle of 0 ′ .5 (16.9 kpc) radius centered on the nucleus of 3C 98 (denoted as N in Figure 1 ). The background spectra were derived from a neighboring source-free region with the same radius. We co-added the MOS1 and MOS2 data from Exp2. Figure 4 shows the background-subtracted EPIC MOS and PN spectra of the host galaxy obtained in the individual exposures. They exhibit at least two spectral components; hard and soft ones. The hard component seems heavily absorbed, and its flux varied clearly between the two exposures. The soft and hard components are naturally attributed to the emission from hot gaseous halo and the active nucleus, respectively, of the host galaxy.
We jointly fitted the MOS and PN spectra of each exposure with a two component model, consisting of a soft Raymond-Smith (RS) thermal plasma component and an intrinsically absorbed hard power-law (PL) component. Both components were subjected to the Galactic absorption, N H = 1.17 × 10 21 cm −2 (Hardcastle, & Worrall, 1999 , and reference therein). We fixed the abundance in the RS component at 0.4 times the solar value, which is typical among nearby elliptical galaxies (Matsushita et al., 2000) . The model has successfully reproduced the data, yielding the best-fit spectral parameters summarized in Table 2 . We found no clear evidence of Fe K line emission around 6 keV. An apparent data excess below ∼ 0.7 keV, seen in the PN spectrum of Exp1, is statistically insignificant.
Within the statistical uncertainty, the spectral parameters of the soft RS component have stayed constant between the two exposures. The best-fit temperature and the 0.5 -10 keV luminosity becomes kT ∼ 0.85 keV and L RS = (8 ∼ 9) × 10 40 erg s −1 , respectively, in agreement with hot plasma emission from nearby elliptical galaxies (Matsushita et al., 2000) . The PL component has a flat spectral slope with a photon index of Γ X ∼ 1.4, and a high intrinsic absorption of N H ∼ 1 × 10 23 cm −2 ; these values did not change between the two exposures, whereas its absorption-corrected luminosity was nearly halved meantime. These results support the identification of the hard component with the active nucleus emission. The intrinsic X-ray luminosity (Table 2 ) lies in the midst of those of radio galaxies (Sambruna et al. 1999) . The heavy absorption can be attributed to obscuration by outer regions of the accretion disk, in agreement with good symmetry between the two lobes.
X-ray spectra of the lobes
We accumulated X-ray spectra of the northern and southern lobes within the circular regions LN and LS shown in Figure 1 , respectively. The radius of LN is set to 1 ′ .25 (42.2 kpc), and that of LS to 1 ′ .45 (48.9 kpc), to contain the whole lobe structure. To avoid contamination from the X-ray emission of the host galaxy, we rejected events in a circular region of 1 ′ (33.7 kpc) radius centered on the nucleus, considering a typical size of a galactic halo. We summed the results over the two exposures, and co-added the MOS1 and MOS2 data.
A background estimation is of crucial importance, especially for diffuse and faint X-ray sources. The background spectrum should be accumulated within the same CCD chip as LN and/or LS. In the meantime, we had better select a region, which is in a similar situation to the signal integration area, with respect to the host galaxy. For PN, it is impossible to satisfy the second criterion, because of the gaps of the PN CCD chip. We, alternatively, select the circles of 1 ′ .45 radius (same as LS), BG1 and BG2 in Figure 1 , as the background region for LN and LS, respectively. This is because a large fraction of LN and LS is within the same PN chip as BG1 and BG2. A dotted circle within BG1 is removed, since an X-ray point source is detected in the position, as shown in Figure 2 . We also utilize the sum of the BG1 and BG2 spectra for MOS, after checking that the background around 3C 98 is spatially stable, within the statistical uncertainties.
The background-subtracted MOS and PN spectra of the northern and southern lobes of 3C 98 are shown in the left and right panels of Figure 5 , respectively. Because instrumental fluorescent lines severely contaminated the 1.5 -1.7 keV data, we here and hereafter exclude this energy range from our spectral study. The significance of the northern lobe signals is about 7.0σ and 8.5σ in the 0.6 -3.5 keV MOS and 0.5 -6 keV PN data, respectively, while that from the southern lobe signals is about 2σ and 5.3σ in the 0.6 -3.5 keV MOS and 0.5 -5 keV PN data. In the following, we analyzed the spectra in these energy range, although we rejected the MOS data of the southern lobe, because of their slightly low signal significance.
We fitted the background-subtracted lobe spectra with a single PL model modified by the Galactic absorption. This model has successfully reproduced the data as shown with histograms in Figure 5 , yielding the best fit spectral parameters summarized in Table 3 . The best-fit model to the PN spectrum of the southern lobe is consistent with the MOS spectrum, within statistical errors. Thus, the two lobes share almost the same set of parameters, though within rather large errors. In either lobe, the PL fit implies a 0.7 -7 keV luminosity of ∼ 9 × 10 40 erg s −1 .
We also tried to describe the spectra with a thermal bremsstrahlung model (Bremss) modified by the Galactic absorption. As shown in Table 3 , the fit turns out to be slightly worse, compared with the single PL model, especially for the northern lobe.
Discussion
In addition to emission from the host galaxy, including its nucleus, we have significantly detected diffuse faint X-ray emission from the lobes of 3C 98. The X-ray spectra of the northern and southern lobes are reproduced by a single PL model of Γ X = 2.2 +0.6 −0.5 and 1.7 +0.7 −0.6 , respectively, modified by Galactic absorption.
We are not able to exclude the thermal interpretation from the spectral fitting alone, and the best-fit Bremss model requires the thermal electron densities, n th ∼ 2 × 10 −3 cm −3 , in the lobes of 3C 98. However, numbers of studies on radio polarization effects indicate typically n th ≪ 10 −3 cm −3 , within lobes of FR II radio galaxies (e.g., Burch 1979 , Spangler & Sakurai 1985 . Therefore, we can conclude that thermal plasma in the lobes of 3C 98 themselves, has only a negligible contribution to the observed diffuse X-ray flux.
Recent Chandra and XMM-Newton observations frequently reveal that the lobes of radio galaxies produce the X-ray holes in the thermal X-ray emission associated with their host galaxies and/or clusters of galaxies around them (e.g., McNamara et al, 2000; Finogurnov, & Jones, 2001) , and as a result the holes are usually surrounded by the enhanced X-ray shell of the displaced thermal plasma. The best-fit Bremss temperature which is higher than that of the thermal plasma in the host galaxy (see §3.2), may be consistent with the picture, in which the plasma around the lobes is heated through the bow shock (Kraft et al. 2003) , or by kinetic work (Croston et al. 2003) caused by its expansion. However, the thermal plasma to be displaced by the lobes is not detected at the distance corresponding to the lobes, in the direction perpendicular to the lobe axis (see the right panel of Figure 3 ). The diffuse X-ray emission in 3C 98 clearly has different spatial distribution; i.e., they seem to fill all over the lobes. Moreover, the observed X-ray flux needs a thermal pressure ( 10 −11 dyne cm −2 ) considerably higher than the non-thermal one of the lobes, and it should be difficult for the lobes to remove such a thermal plasma. Therefore, we strongly favor the non-thermal interpretation for the diffuse X-ray emission. Figure 6 shows the radio and X-ray spectral energy distribution of the northern and southern lobes of 3C 98. Radio data referring to the total flux of 3C 98 are also shown. The contributions from the components other than the lobes (such as the nucleus and hot spots) are reported to be very small (at most 5 %; Hardcastle et al. 1998) . At least from 20 MHz and 10 GHz, the total radio synchrotron spectrum is well described by a single PL model (except for only a few deviating points); the flux density at 1.4 GHz and the photon index becomes S R = 11.1 ± 0.1 Jy and Γ R = 1.73 ± 0.01, respectively. This value of Γ R falls well within the range of two-point spectral index of both lobes between 1.4 GHz and 8.35 GHz, (1.6 ∼ 1.75). Γ R is also consistent with the X-ray photon index of the lobes, within the statistical uncertainties. This agreement makes the IC X-ray interpretation fully self-consistent. Hence, we re-analyzed the X-ray spectra with the PL model of which the photon index is fixed at Γ R and obtained the parameters shown in Table 3 .
The non-thermal X-ray spectrum may alternatively be interpreted as a high-energy extension of the synchrotron radio spectrum. However, as is clear from Figure 6 , it is impossible to describe the radio and X-ray spectra simultaneously by synchrotron radiation from a single electron population with a PL energy distribution, even if we invoke a synchrotron cutoff in the electron spectrum. Moreover, a synchrotron X-ray photon would need the electron Lorentz factor to exceed γ e ∼ 4.5 × 10 8 E 0.5 keV B
−0.5 µG where E keV is the energy of the synchrotron photon in keV, and B µG is the magnetic field strength in µG; in that case, the synchrotron cooling time scale of those electrons which are responsible for the synchrotron X-ray photons would become unrealistically short, less than about 5.5 × 10 4 E −0.5 keV B −1.5 µG yr. Therefore, we conclude that our working hypothesis, namely the IC scattering of some seed photons by the synchrotron electron, provides the most plausible explanation for the observed diffuse X-ray emission.
The soft seed photons of the IC scattering in the lobes are usually provided by either CMB photons or IR radiation from the nucleus (see §1). Base on the observed IR flux density, 85 mJy at 25 µm (Golombek et al., 1988) , the IR luminosity of the nucleus of 3C 98 is estimated to be L IR ∼ 2 × 10 43 erg s −1 . Even though the orientation and the obscuration effects are taken into account (Heckman et al. 1994) , L IR dose not exceed ∼ 10 44 erg s −1 . This yields an IR photon energy density of u IR ∼ 10 −14 (r/50 kpc) −2 erg cm −3 , where r is the distance from the nucleus in kpc. At r 8 kpc, u IR becomes lower than the CMB energy density u CMB = 4.6 × 10 −13 erg cm −3 at the redshift of 3C 98. We therefore conclude that u CMB dominates over u IR in the larger part of the lobes of 3C 98. Table 4 summarizes relevant parameters to diagnose energetics in the lobes. We assumed the shape of each lobe to be a simple ellipsoid, with the major and minor axes evaluated from the radio VLA image (Figure 1) , to calculate the volume V of the lobes. The synchrotron radio flux densities of the individual lobes were derived from the PL fit to the total radio spectrum of Figure 6 , and their relative contributions taken from Hardcastle et al. (1998) . We calculated the corresponding IC X-ray flux density from the PL fit to the lobe X-ray spectra with the photon index fixed at Γ R = 1.73; this specifies the index of the electron number density spectrum as 2Γ R − 1 = 2.46. To evaluate u e , we assume an electron filling factor of unity, and integrated the electron spectrum between the Lorentz factor of γ e = 10 3 and 10 5 , because the synchrotron or IC radiation from such electrons is directly observable; the lower limit corresponds to 1 keV IC X-ray photons, while the upper limit to synchrotron photons of ∼ 10 B µG GHz.
Referring to Harris and Grindlay (1979) , we have determined u e , u m , and the corresponding magnetic field B, as show in Table 4 . The physical parameters are found to be quite similar between the two lobes. In both lobes of 3C 98, the electrons are inferred to highly dominate over the magnetic fields, parameterized as u e /u m = (40 − 50). This means that the magnetic field in the lobes is about 2.5 times lower than B me , where B me is magnetic field strength which is estimated under the minimun energy condition without proton contribution (Miley 1980) . In order to examine the uncertainty of the result shown in Table 4 , we evaluate possible systematic uncertainties in S R , S X , Γ R and V , all of which are fundamental observable parameters for the calculation of u e and u m . Based on the following discussion, the uncertainties in u e and u m are estimated to be at most 25 % and 35 %, respectively, which can reduce the electron dominance u e /u m , only a factor of two. Therefore, our conclusion basically holds.
We consider that the uncertainty in S R dose not exceed 15 %, based on the radio spectrum in Figure 6 . On the other hand, S X is thought to have an error of about 20 %, mainly due to the integration regions for the signal and background spectrum. Obviously, these errors almost directly propagate to u e and/or u m , since u e and u m is in proportion to S X , and to (S R S −1 X ) 2/Γ , respectively.
If the major axis of the lobes (and hence, the jets) of 3C 98 is not precisely perpendicular to our line of sight, the adopted volume of the lobes become smaller than the actual one. This results in an overestimation of u e with no impact on u m , because of inverse proportionality of u e to V . Based on the theoretical prediction of jet to counter jet brightness ratio, taking a relativistic boosting into account (e.g, Giovannini, et al., 2001) , and on the observed flux densities of the northern and the southern inner jets of 3C 98 (Hardcastle et al. 1998) , we estimated the jet angle to our line of sight to be about 75 degree. The angle put only a negligible effect on V and u e of the lobes (at most 5 %).
The smaller spectral index can artificially enhance the electron dominance. Our employment of Γ R as the spectral index of the lobes should be safely justified, because the sum flux densities of the lobes highly dominates the total flux density of 3C 98 (about 95 %), and the spectral shape of the lobes are very similar to each other, and also to that of the total spectrum. Base on the radio spectrum of Figure 6 alone, we cannot fully reject the possibility of the index larger than Γ R . However, even the upper limit on the two-point index of the lobes, 1.75, will reduce u e only about 7 %, and simultaneously enlarge u m about 15 %, compared with the values in Table 4 . Figure 7 is a compilation of the reported IC X-ray detections in terms of u e and u m . This figure suggest that the electron dominance of u e /u m ∼ 10 (corresponding to B 0.5 B me , slightly depending on the spectral index), is typically observed in the lobes of radio galaxies, from which the IC X-rays are detected. Recently, Croston et al. (2005) have reported an almost consistent result of B ∼ 0.7 B me in lobes, based on the Chandra and XMMNewton observations of 33 FR-II radio galaxies and quasars. The figure indicates that the present result on 3C 98 is very typical among these measurements.
The observed electron dominance will raise an important question; what does confine the non-thermal plasma within the lobes ? Although we regard that it is currently difficult to answer the question, the spatial distribution of u e and u m in the lobes may provide us an useful clue to the problem. In several lobes in which the electron dominance is already reported, almost uniform or center-filled distributions of IC X-rays are found, in spite of a rim-brightening synchrotron radio feature (Tashiro et al. 1998; Tashiro et al. 2001; Comastri et al. 2003) . A comparison of the X-ray and radio distributions indicates that the magnetic field is enhanced toward the edge of the lobes, to become even closer to the equipartition (Tashiro et al., 2001; , while the electrons are relatively uniformly distributed over the lobes. As shown in Figure 3 , the lobes of 3C 98 have the tendency though with a little large statistical errors. However, the clear solution to the issue inevitably needs more detailed observations with higher statistics, and theoretical considerations.
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